We demonstrate control over the three-dimensional (3D) structure of suspended 2D materials in a transmission electron microscope. The shape of our graphene samples is measured from the diffraction patterns recorded at different sample tilts while applying tensile strain on the sample carrier. The changes in the shape of the pattern and in individual diffraction spots allow us to analyze both corrugations and strain in the lattice. Due to the significant effect of ripples and strain on the properties of 2D materials, our results may lead to new ways for their engineering for applications.
INTRODUCTION
Graphene and other 2D materials differ from conventional bulk not only due to their extreme surface-to-bulk ratio and exotic properties resulting from quantum confinement of the electrons, but also because their structure can extend to the third available spatial dimension. This allows graphene to closely follow surface corrugations when supported on rough substrates 1 and leads to a ripple structure in suspended graphene membranes. 2, 3 Curiously, the classical Mermin-Wagner Theorem [4] [5] [6] excludes the possibility of realizing truly two-dimensional systems at finite temperature. Wavy patterns on the scale of approximately one hundred atom spacings have been computationally investigated 3 and nonplanarity is expected also in the zero-temperature limit due to quantum fluctuations. 7 Ripples are known to significantly influence the electronic 8 and magnetic 9 properties of graphene, and have even been argued to play a role in molecule permeation of this material. 10 Hence, control over the ripple structure is important for the science and applications of graphene, as well as other 2D materials. In this work, we use transmission electron microscopy (TEM) to study ripples in as-prepared free-standing graphene, and further demonstrate that they can be controlled by applying uniaxial strain on the material in situ inside the microscope. In the direction of the applied strain, the ripples diminish below our detection limit, whereas changes in the perpendicular direction remain small. As a result, an aligned ripple structure is created, that could be used to introduce anisotropy for the charge and thermal transport in the material, paving way for new applications.
It is challenging to accurately measure corrugations in an atomically thin membrane. Although this can in principle be done with scanning probe techniques, in such studies graphene typically resides on a substrate and follows its surface topology. 1 While this issue can be avoided by suspending graphene over small pits or trenches, also the interaction between the sample and the measurement device is known to influence the measured topography, [11] [12] [13] [14] except for very small suspended areas, 15 where the graphene corrugations are caused by the confining geometry.
These issues can be overcome with TEM, where energetic electrons are passed through the sample to form its image. Unfortunately, due to the typical depth of field in TEM, sub-nmrange corrugations in a sample are not directly visible in real space images. However, electron diffraction in a TEM allows estimating the out-of-plane undulations in suspended 2D materials, as was shown for graphene in 2007 2 and for molybdenum disulfide in 2011. 16 The peak broadening in electron diffraction experiments provides a direct measure of the root mean square of the surface inclination, for which different experiments agree on values around 5°. 2, 16, 17 The amplitude of the out-of-plane corrugations of graphene was initially estimated to reach 1 nm, whereas recent works suggest a root-mean-square roughness of 170 17 or 114 pm 18 that can be further lowered down to 12 pm via encapsulation with hexagonal boron nitride layers. 18 In this article, we demonstrate in situ control of corrugations in freestanding graphene inside a transmission electron microscope. Our experimental results are supported through atomistic simulations, and a simple analytical model that allows us to discuss the relationship between the elastic moduli for in-plane stretch and bending, and confirms that the optimal configuration for graphene under our experimental conditions is not flat. We show that uniaxial pull can flatten the corrugations in the direction parallel to the pull leading to an aligned pattern of wrinkles instead of the originally randomly corrugated structure. After the flattening, graphene can be strained by continuous pulling. In our experiments the strain was limited to ∼1.5% due to the sample carrier that fractured at this point. The measured Poisson's ratio for graphene was 0.28.
RESULTS

Analytical model
On the theoretical side, the non-flatness in graphene can be addressed by molecular mechanical methods, by analyzing optimal configurations in terms of given interaction energies. This is computationally well known 3, 7 and has been recently analytically confirmed 19, 20 for a large class of configurational energies. By taking into account two-body interactions over a finite range of neighboring atoms, including at least second neighbors and three-body interactions, it has been shown that optimal configurations are indeed not flat. 19 More precisely, whenever fixed at the boundary, such configurations show ripples with the same orientation having a specific wave-length independent of the size of the sample. 20 These analytical results entail that the whole geometry of the optimal configuration is determined by one of its sections in the direction of the ripple. The 3D optimization problem can hence be efficiently rewritten in terms of a one-dimensional energy minimization problem for the configurational energy E of a chain of locations
in R 2 , where the locations correspond to single hexagons of the abovementioned section, 19 m stands for the number of waves and 2n + 1 is the number of locations in each wave. One can also assume all pairs of adjacent locations x i and x i + 1 to have the same distance ' ¼ x iþ1 À x i j jand all pairs of consecutive segments x i + 1 − x i and x i − 1 − x i to form the same angle θ. Hence, the whole configuration is composed by m waves of the type in Fig. 1a .
A basic choice for the configurational energy E is
where the reference distance ' Ã between adjacent locations, the reference angle θ * ≤ π, and the parameters k 2 , k 3 > 0 are given (k 2 is related to the elastic modulus of the in-plane strain, whereas k 3 arises from the bending modulus). The coefficients in front of the bond and angle part of the energy express the fact that the configuration contains 2mn bonds and 2mn − 1 angles, respectively.
This model allows us to analytically investigate the optimal response of the wavy structure to external stretching by adjusting the bond length ' and the bending angle between adjacent locations (hexagons in graphene) θ. To achieve this, let us investigate minimizers of E among chains under prescribed stretching s = x 2mnþ1 À x 1 j j . Elementary trigonometry entails that
Given s, the latter relation enables us to express ' in terms of θ. This reduces the dimension of the minimization problem and makes it amenable to numerical investigation. Figure 1b shows the behavior of the normalized optimal bond strain ' À ' Note that the value k 2 /k 3 = 10 induces a strong monotonicity of the response under compression, which is not observed in our experiment (described below). Hence, one would rather assume k 2 /k 3 ≥ 100.
By choosing θ * = π one observes the onset of buckling under compression. Indeed, for mild compressions the bond length decreases and θ stays equal to π. Under larger compression the chain buckles and θ abruptly deviates from π. Correspondingly, the bonds elongate, giving rise to an antimonotone response. As this effect is not evident from our experiment, θ * should rather be chosen strictly smaller than π indicating a non-flat ideal configuration for graphene.
Atomistic simulations
Inspired by the theoretical results, we next turn to the experimental study of graphene ripples, assisted by atomistic simulations. The reciprocal representation of a flat graphene sample is a series of rods (Fig. 2a, b) , that turn into cones for a corrugated membrane (Fig. 2c, d ) due to a superposition of several diffracting beams corresponding to differently oriented lattice normals. At different sample tilts, the intersection of the Ewald sphere (approximated as a plane by the dotted lines in Fig. 2) cuts the cones at different heights, allowing one to establish a measure of the average surface inclination of the sample based on the measured size of the diffraction spot (σ) as a function of the sample tilt (α). In Fig. 2e , we show the results of a linear fit for the σ/α relationship for a set of simulated graphene samples with different values of γ rms (root mean square inclination). The fit to the data points is an interpolation that allows us to estimate the mean surface inclination from a measured σ/α relationship up tõ 8°. Root-mean-square roughness R rms for the simulated structures varies between 75.2 pm for the least corrugated membrane (γ rms ≈ 5.0°) and 109.0 pm for the most corrugated one (γ rms ≈ 7.8°), which is close to the previously established values. 17, 18 The diffraction spot size σ was estimated as the standard deviation of a (radially symmetric) 2D Gaussian peak fitted into the simulated diffraction spot. This way, the broadening of the diffraction spots can be directly related to the surface inclination. Another way to estimate the out-of-plane shape of the material from the diffraction pattern is to measure the intensity of the diffraction spot as a function of α, 17,18 which however does not allow In situ control of graphene ripples and strain in the electron U Ludacka et al.
distinguishing corrugations in the different in-plane directions, as is done below.
In situ TEM experiments We started our experiments by measuring the σ/α relation for suspended samples, similar to ref. 2 . Our experimental setup is illustrated in Fig. 3 . The rippling in the initial samples appears random, and sometimes favors an arbitrary orientation, that is manifested as an asymmetry within the diffraction spots at higher α. An estimate for the initial γ rms in our suspended CVD graphene samples, taking into account only those samples without preferred corrugation orientation, can be obtained from Fig. 2 using the average value of σ/α ≈ 0.71 × 10 −3 (Å degree) −1 , yielding γ rms ≈ 6.35°, which is almost identical to the slope estimated from ref. 2 for mechanically exfoliated graphene, indicating that rippling does not significantly depend on the sample growth and preparation.
After establishing the initial shape of the sample, we moved onto applying uniaxial strain onto the sample carrier to measure its influence on graphene corrugations. The sample carrier was strained gradually with a step size of 0.25 μm (less than 0.1%). This strain of the sample carrier translates into stretching of graphene, analogous to the stretch discussed in the context of the analytical model. Typically, the manipulation became noticeable only after several steps with no apparent change in the sample (that is, after the pin of the stretching holder made a contact with the edge of the hole in the aluminium plate). Diffraction patterns were recorded over one hole in the support grid (with a spot size of about~0.5 μm) after every step, and additionally a tilting series in the range of α ∈ [0°, 27°] was recorded after every four steps for every Δα = 3°. Sample areas were selected for the experiment so that they only displayed one set of diffraction peaks (only one crystalline orientation) and contained no folds or defects visible in the TEM images. All studied sample areas were mono-layer graphene. The experiment was continued until the amorphous carbon support fractured, which happened always much before a critical strain for the graphene membrane could be reached. At this point graphene typically tore at the edge of the suspended area. We did not notice any slippage during the experiments.
Assuming a rippled membrane that has a low bending rigidity, but that cannot be strained, this should lead to flattening of the membrane in the direction parallel to the pulling axis with no change or a slight increase in γ rms in the perpendicular direction. Such flattening leads to increased projected lattice spacing, manifested as a decrease in the corresponding direction of the diffraction pattern. For increasing γ rms , the effect is opposite. In total, these effects should lead to progressively narrowing diffraction pattern. Three example diffraction patterns, recorded at different stages of the experiment, are shown in Fig. 4a-c .
Although not immediately clear from the patterns, they show exactly this behavior, as seen by analyzing their shape by fitting an ellipse into each diffraction pattern and observing both its ig. 2 Effect of varying surface inclination on the graphene diffraction pattern. Flat sample has parallel lattice normals throughout the sample a, which leads to sharp rods in the reciprocal space b giving the same width for diffraction spots regardless of the sample tilt. In contrast, a corrugated sample c (here with root mean square inclination of γ rms = 7.8°) exhibits cone-like volumes in the reciprocal space d that lead to increasing diffraction spot sizes for higher sample tilts. e Relationship between the diffraction spot size (σ) and the sample tilt (α) for simulated corrugated graphene structures with varying values of γ rms . The solid line is a fit to the data points a b c d e orientation and ellipticity (ratio between the major axis B and the minor axis A). We stress that the change in orientation does not correspond to the rotation of the lattice during the experiment (the orientation of the diffraction pattern remains unchanged). Instead, it is related to the rotation of the corrugation pattern in the suspended graphene membrane that leads to a shear-like deformation of the diffraction pattern revealed by the orientation change of the ellipse. Figure 4d shows the orientation of the diffraction pattern (Θ) with respect to the vertical axis of the image throughout the experiment (red circles). Towards the end of the experiment, the diffraction pattern begins to align itself at 25°due to the continuous stretching of the sample carrier, revealing the direction of the deformation. The corresponding ellipticity values (Fig. 4e, red circles) show an approximately linear increase between the diffraction patterns shown in Fig. 4b , c (between the two vertical lines in Fig. 4d, e) . However, even before this an increase is apparent in the ellipticity of the diffraction pattern, presumably arising from the change in apparent lattice spacing in the direction of the pull. Due to the asymmetry introduced through stretching, a radially symmetric 2D Gaussian peak shape cannot be used to describe the peaks during this experiment. Instead, we use the generalized Gaussian peak shape with two orthogonal standard deviations in an orientation that is individually matched to each measured diffraction spot. Overall, the spots show very similar behavior to the diffraction patterns, also indicating alignment towards the pull direction (Fig. 4d, blue triangles) and changes in the out-of-plane structure of the membrane (Fig. 4e, blue triangles) . However, despite the qualitatively similar behavior, the measured ellipticity values for the diffraction spots increase significantly more than those for the diffraction patterns due to the different underlying physical mechanisms.
Separately measured diffraction spot sizes (σ, standard deviations of the 2D Gaussian peak) for the directions parallel and orthogonal to the pull direction allow us to study in detail how the stretching of the sample carrier changes the corrugations in graphene. As can be seen in Fig. 5 , for some samples the generalized peak shape reveals an asymmetry in the diffraction spots already at the beginning of the experiments. However, at this point the axis of asymmetry is arbitrary (ca. 60°for this sample, as seen from Fig. 4d) . At the beginning of the experiment, the axis rotates to align with the direction of the mechanical force applied to the sample carrier up to a relative increase in width (i.e., stretching) of ΔG/G 0 ≈ 2.0%. At the same time, γ rms in both observed directions remains nearly constant. This leads to the plateau in the ellipticity values in Fig. 4e . After this point, the change in the orientation of the spot (Fig. 4d) becomes more gradual and the ellipticity starts to increase rapidly (Fig. 4e) .
In Fig. 5a , the changes in the σ/α values, and correspondingly, the mean inclinations, for the two in-plane directions are plotted separately for the minor and the major axis of the diffraction spot. Since only the values corresponding to the short axis change during the experiment, the increase of the ratio b/a observed in Fig. 4e is solely due to a flattening in direction parallel to the pull axis (corresponding to the narrower direction of the diffraction spot). Towards the end of the experiment, γ rms parallel to the pull axis becomes so small that it falls below our detection limit (σ at all α become similar in size to those of non-tilted samples, that is, smaller than the intrinsic peak width determined by our experimental setup). Finally, in Fig. 5b we show the apparent strain in the graphene lattice as estimated from the diffraction patterns in two orthogonal directions. In agreement with the previously discussed data, no difference in the lattice spacing is observed in the diffraction pattern until a stretch of ΔG/G 0 ≈ 2.0%, despite the rotation of the corrugation pattern (as observed from Fig. 4d ). After this point the ellipticity of the diffraction pattern starts to increase (Fig. 4e) , which based on Fig. 5b can be associated with simultaneous changes in both observed orthogonal directions. Until a stretch of ΔG/G 0 ≈ 3.0% both axes behave similarly (albeit in opposite directions), which is clearly observed by the slopes of the lines fitted to the calculated apparent strain 21 ( Fig. 5b ) within this range (−0.57 ± 0.05 vs. 0.46 ± 0.03). In other words, while the graphene membrane is stretched in one direction it shrinks in the other, with an exceptionally high positive Poisson's ratio of −(−0.57)/0.46 = 1.24. However, this ratio is maintained only over a small range of stretching and concurs with the continued alignment of the overall corrugation pattern from meandering landscape of loosely oriented hills and valleys into an aligned set of wrinkles. However, after ΔG/G 0 ≈ 3.0%, a clear change occurs leading to a much steeper increase of the lattice spacing in the direction of the pull (increase of the apparent strain with a slope of 2.03 ± 0.09 in Fig. 5b) . Hence, it is a clear indication of applied uniaxial strain within the graphene lattice. The corresponding Poisson's ratio is 0.28. The discontinuity seen in Fig. 5b is common for all of our samples. The slope value >1 at the end of the experiment is attributed to a non-linear strain transfer from the sample carrier to the sample, likely caused by a partial fracture in the carrier. This allows us at the end of the experiment to measure the intrinsic properties of graphene itself.
DISCUSSION
We can directly compare our experimental results (Fig. 5 ) against those obtained with the analytical model (Fig. 1) . The experimentally observed change in the mean curvature (γ rms ) is directly related to the angle of curvature in the model (θ), and the apparent measured strain ε′ corresponds to ε ¼ ' À ' Ã ð Þ=' Ã , whereas the applied (uniaxial) stretchings are directly equivalent. From the experimental results, it is clear that flattening of graphene continues beyond the point where the material starts to get strained (ε′ > 0), confirming the analytical result indicating that θ * < π, i.e., the optimal configuration for graphene is not flat,
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at least under these experimental conditions. The experiments further show that the strain in graphene reaches ∼1% for stretching of ca. 3.25%, which sets a lower limit for the k 2 /k 3 ratio to ≥100. Further looking at the reached γ rms at this point, it is clear that θ is not yet close to π, which further limits the k 2 /k 3 to <1000, providing a direct experimental order-of-magnitude estimate for the ratio of the elastic moduli for in-plane stretch (k 2 ) and bending (k 3 ) : 100 ≤ k 2 /k 3 < 1000.
The highest obtained strains in our experiments were ca. 1.5%, after which the sample carrier fractured, which in some cases lead to tearing of the graphene at the rim of the suspended area. For most samples we could also record a tilt series after this, which revealed again a randomly corrugated graphene membrane with γ rms values close to as-prepared samples. This shows that, given a suitable sample carrier, the observed changes (alignment of the ripples, flattening of the membrane and uniaxial strain) are reversible.
In conclusion, we have shown that the three-dimensional (3D) structure of suspended graphene can be controlled reversibly by stretching the sample carrier. This leads to a variety of gradual changes first in the intrinsic corrugations of graphene and later into straining of the graphene lattice along the direction of pull. At the initial stages, the initially randomly oriented corrugation pattern starts to align itself according to the pull direction, that can easily be seen by observing the shear-like deformation of the diffraction pattern. After the orientational alignment, continuous stretching leads to flattening of graphene in the direction parallel to the pull direction down to such a low average inclination that it disappears below our detection limit, creating a pattern of aligned wrinkles. At the final stages of the process, when the corrugation pattern cannot change any more, continuous stretching leads to straining of the lattice. In our experiments, that relied on commercial graphene samples using standard electron microscopy grids as sample carriers, only moderate amounts of strain (~1.5%) could be realized before the support material fractured. With specifically designed support solutions significantly higher strains should be within the reach and allow a large variety of studies on the influence of corrugations and strain on 2D materials inside the transmission electron microscope. Due to the significant influence of out-of-plane structure of graphene and other 2D materials to their properties, by providing direct control over corrugations and strain, this work can also be expected to open the way for new applications. Due to the different phonon and electron scattering for flat and corrugated graphene structures, one could use this method for creating graphene-based structures with spatially anisotropic thermal and electronic conduction determined by the pattern of corrugations. In situ control of graphene ripples and strain in the electron U Ludacka et al.
METHODS Simulations
For atomistic simulations, graphene samples were created using 24,000 carbon atoms. In order to create the corrugation into graphene, the model was strained and heated up for 5 ns to 6 K and cooled down for 8 ns to 0.1 K and partially relaxed at the end. Diffraction patterns were calculated for five different states of compressed graphene, where the compression was partially released in each step. The simulations as well as the electron diffraction pattern calculations were performed with large-scale atomic/ molecular massively parallel simulator (LAMMPS). [22] [23] [24] Although σ does depend on the distance between the diffraction spot and the origin of the reciprocal space, it has only a minor influence on the σ/α relationship, which is used here to estimate the root mean square inclination γ rms . The interaction between carbon atoms were treated using the LCBOP potential. 25 The inclination was estimated from the surface normals calculated for the atomic structure divided into triangles defined by each carbon atom and two of its neighbors.
Experiments
Our samples were commercial chemical-vapor-deposition (CVD)-grown graphene suspended on gold-supported Quantifoil™ amorphous carbon grids with ca. 2 μm holes purchased from Graphenea (TM). The grids were individually attached with an adhesive (epoxy with conductive paste to reduce charging in the TEM) to two small aluminium plates separated by a gap of G 0 ≈ 300 μm. The plates were then placed on a in situ tensile testing TEM holder (Philips PW 6552) and inserted into the microscope (see Fig. 3 ). The study was performed with a Philips CM200 microscope at 80 kV to reduce the knock-on damage at the sample. 26 Astigmatism in the diffraction patterns was minimized throughout the experiment.
Data availability
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